Poly(vinylidene fluoride) (PVDF) has four crystalline structures (α, β, γ and δ phase structures) in solid state.
INTRODUCTION
Poly(vinylidene fluoride) (PVDF) possesses desirable properties for use in sensor and actuator applications. The extraordinary PVDF electrical properties are directly attributable to its crystalline structure (Furukawa, 1989) . Therefore, many researchers have investigated PVDF crystalline structures (Hasegawa et al., 1972; Johnson et al., 1981; Kobayashi et al., 1975; Mohammadi et al., 2007; Salimi and Yousefi, 2003) . Four crystal phases have been reported for the PVDF phase condition (Furukawa, 1989) : α-phase, β-phase, γ-phase, and δ-phase. The most common polymorph is the α-phase. Only α-phase shows no crystal dipole, but this phase is converted easily into other phases according to some schemes.
One method to produce β-phase from α-phase is uni-axial stretching at a given temperature (Johnson et al., 1981; Mohammadi et al., 2007; Salimi and Yousefi, 2003) . As a result, the stretch method induces an all-trans planar zigzag conformation, that is β-phase, into the crystals (Salimi and Yousefi, 2003) . The β-phase is not usually produced by crystallization from the melt but is normally obtained through mechanical deformation of α-phase in PVDF. Therefore, it is predicted that the means to produce β-phase directly will become the center of attention for a PVDF material. So, many researchers have investigated the related method (Kang et al., 2009; Kelarakis et al., 2007; Leonard et al., 1988; Park et al., 2004; Yang and Thomas, 1987; Elashmawi, 2008; Ogoshi and Chujo, 2005; Tawansi et al., 1998; Priya and Jog, 2002; Priya and Jog, 2003a; Priya and Jog, 2003b; Yamada et al., 2007; Yamada et al., 2009; Murasawa et al., 2011) .
In recent years, we found a novel method in which PVDF film structure became β-phase without mechanical deformation processes. This film fabrication method is very simple. An adequate PVDF solution is dropped on a substrate, then dried. During the drying process, the PVDF structure turns to β-phase as a result of flow phenomenon arising in the solution. Furthermore, this technique enables us to apply printing technology, and realize to the creation of free-form 3D sensor and actuators. No one can see free-form PVDF printer up to the present.
The aim of the present study is to evaluate the crystalline structure and cross-sectional profile for PVDF film fabricated by present method. In addition, a novel printer, which can draw free-form 2D PVDF film, is developed on the basis of experimental results. First, a PVDF film is fabricated by dropping and drying a PVDF solution droplet. In this film fabrication, some PVDF solution droplets are prepared by changing the combination of the PVDF solution drop quantity and PVDF concentration in solution. Second, their PVDF crystalline structure is analyzed with an X-ray diffraction device. Then, PVDF film cross-sectional profile is measured with 3D shape measurement machine. In addition, the PVDF crystallinity degree is measured by differential scanning calorimetry. Third, a novel PVDF printer system is developed on the basis of present fabrication method. The in-house printer software integrated with the drop point control system and drop quantity control system is constructed on a LabVIEW platform. Then, the outline of free-draw 2D picture is printed as PVDF point drawing film on a 12mm×12mm glass plate, and the accuracy is investigated for printed PVDF films.
METHODS 2.1 PVDF Film Fabrication Technique
First, PVDF powder (Kynar HSV900; Arkema) is mixed with dimethylformamide (DMF) solution for 24h using a magnetic stirrer. Second, a mixed solution droplet is dropped on a glass plate using a micro syringe and is dried in a controllable desiccator. Then, a PVDF film can be obtained on a glass plate. In the present study, twelve kinds of PVDF films are fabricated by following different conditions. (1) three types of PVDF concentration which are 5%, 7% and 10% in solution. (2) four types of drop quantity which are 5mg, 10mg, 30mg and 50mg on each glass plate. Figure  1 shows a schematic illustration of present PVDF film fabrication. 
X-ray Diffraction Measurement
Using a single Cu K-α radiation, transmission diffraction patterns are obtained as a 2D data from the curved imaging plate. And then, the charts of X-ray intensity-2θ are calculated from the transmission diffraction patterns, and crystalline structure is investigated for fabricated PVDF films. Tube voltage and tube current are 40kV and 30mA, respectively. The irradiation time is 10min. The collimeter diameter is 0.1mm.
Cross-sectional Profile Measurement
The film cross-sectional profile is measured for each PVDF films using 3D shape measurement machine (KS-1100; Keyence).
Differential Scanning Calorimetry (DSC) Measurement
DSC experiments are conducted with a calorimeter (DSC-Q2000-2159; TA Instruments). The heating rate is 10°C/min and temperature span is 20~200°C. DSC first heating curve corresponding to the heat of melting can be obtained for PVDF films. Then, the PVDF crystallinity can be calculated by using the DSC measurement results. Figure 2 shows the intensity-2θ curves obtained from the WAXD pattern for PVDF powder (Kynar HSV900; Arkema). PVDF powder result presented α-phase crystalline structure which showed two peak around 2θ=20°. On the other hand, it is well known that β-phase or γ-phase PVDF crystalline structure shows only one peak at 2θ=20° (Priya and Jog, 2002) . Figure 3 demonstrates the intensity-2θ curves for PVDF films fabricated from PVDF concentrations: 5%, 7% and 10% in a solution. Each PVDF concentration result includes some solution drop quantity results: 5mg, 10mg, 30mg and 50mg. From these figures, present fabricated PVDF films showed β-phase or γ-phase crystalline structure. In addition, the intensity peak value changed with PVDF concentration and solution drop quantity. The value increased with increasing PVDF concentration, and with increasing solution drop quantity. Figure 4 displays the cross-sectional profiles for present PVDF films. Vertical and horizontal axes are height and radial directions for PVDF film. The axis range is different between vertical and horizontal axes in Fig.4 . In these figures, the results are shown for PVDF films fabricated from PVDF concentrations: 5%, 7% and 10% in a solution. Also, each PVDF concentration result includes some solution drop quantity results: 5%, 7% and 10%. From even a cursory examination of Fig.4 , the PVDF film cross-sectional profile showed a ringlike one. In addition, the film height difference among solution drop quantities became large with increasing PVDF concentration. Figure 5 shows DSC first heating curves for present PVDF films. Vertical and horizontal axes are heat flow and temperature. The results are shown for every PVDF concentrations: 5%, 7% and 10%. Each PVDF concentration result includes some solution drop quantity results: 5%, 7% and 10%. From these figures, crystallization temperatures were almost same for present PVDF films. On the other hand, it is well known that polymer melt forms its crystalline structures under cooling process, and the crystallinity depends on cooling rate (Brandrup, 1967) . In present fabricated PVDF films, it is necessary to investigate the PVDF crystallinity. DSC results able us to calculate the PVDF crystallinity using following equation.
RESULTS AND DISCUSSION
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( 1) where, crystal melting heat is a area of a DSC endothermic peak during temperature rise. Full crystal melting heat value is used as 93.1 J/g (Brandrup, 1967) . Figure 6 demonstrates the PVDF film crystallinity as a function of PVDF concentration in solution. As a result, PVDF film crystallinity increased with increasing PVDF concentration. PVDF concentration: 10%
APPLICATION TO PRINTING TECHNOLOGY 4.1 Piezoelectric-polymer Printer System
A novel printer system is developed on the basis of above experimental results. Figure 7 shows the schematic illustration of a novel printer system. As shown in this illustration, two stepping motors and a syringe pump are set in a humidity control chamber in order to control solution drop point on X-Y plane and solution drop quantity. In this printer system, a computer with a motion control interface (LPC-742020; Interface) to control two stepping motors, and a monochrome PCI frame grabber (mvTITAN-G1; Matrix Vision GmbH) to acquire an 1024×768 8-bit grayscale digital image from the CCD camera is used. Furthermore, RS232C interface to control a syringe pump (micro syringe pump; ISIS) is used. The in-house printer software integrated with the drop point control system, drop quantity control system, and the in-situ observation system is constructed on a LabVIEW platform. Figure 7 The schematic illustration of a novel printer system Furthermore, the printer enables us to fabricate a printed PVDF film corresponding to a picture drown on a paper, using following original methods as shown in Fig.8: (1) A picture drown on a paper is read into computer using the CCD camera (In-house scanning device and software), (2) The image processing is done to acquire the image outline, and to convert the outline into dot pattern (In-house image processing software), (3) The dot pattern data is sent to the printer software, and the PVDF film printing is started. This image processing software is constructed on a C-language, and the scanning device and software is constructed on a LabVIEW platform. Figure 9 displays the printed PVDF films on 18mm×18mm glass plates. Left hand illustrations is a picture drown on a paper. Right hand picture shows the printed PVDF films corresponding to the illustrations. The PVDF films are printed for the outline of illustration. In present printing, the PVDF concentration is 3.0% for avoiding embrittlement due to crystallization and forming stable film shape. A solution drop quantity is 0.5mg for forming stable film shape. The humidity and temperature are at 20% and 18℃ under drying process in a desiccator. Each printing takes about 2-3min.
Printed PVDF Films
As shown in these results, the printed PVDF films were appropriately created according to the outline of illustration. Next, the accuracy is investigated for printed PVDF film. Figure 10 shows planning drop points on a substrate and printed films corresponding to the points. As a result, maximum error value was 600μm and expected error value is 10 μm. 
CONCLUSIONS
In this study, PVDF films were fabricated by droping and drying a PVDF solution droplet. Then the crystalline structure was analyzed using WAXD and cross-sectional profile measurement was conducted for the PVDF films. The crystallinity in the PVDF films was measured by DSC measurement. In addition, a novel printer system was developed on the basis of experimental results. As a result, the following results were obtained.
(1) X-ray analysis showed that all PVDF films showed β-phase or γ-phase crystalline structure. In addition, the intensity peak value changed with PVDF concentration and solution drop quantity. The value increased with increasing PVDF concentration, and with increasing solution drop quantity. (2) Cross-sectional profile measurement presented that the PVDF film cross-sectional profile showed a ringlike one.
In addition, the film height difference among solution drop quantities became large with increasing PVDF concentration. (3) DSC measurement showed that PVDF film crystallinity increased with increasing PVDF concentration.. (4) A novel printer system was developed on the basis of above experimental results. Several types of shape were printed by the printer system. The drop point accuracy test showed that the maximum error value was 600µμm.
